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Modulation of protein functions by tuning of their dynamics is an important step towards understanding the dynamic‐function relationships inside proteins.[1](#anie201511476-bib-0001){ref-type="ref"} The most obvious way to modify protein function is by mutating amino acid residues at sites that are directly involved in activity.[2](#anie201511476-bib-0002){ref-type="ref"} Another increasingly popular approach is to alter sites remote from the protein active site. Such allosteric mechanisms are well recognized in multi‐domain proteins but there is growing evidence that they are a common feature in many, if not all, proteins.[3](#anie201511476-bib-0003){ref-type="ref"} Cyclophilin is one of the most prominent examples of a single domain protein that makes use of intrinsic motions to carry out function.[4](#anie201511476-bib-0004){ref-type="ref"} Cyclophilin belongs to the isomerase class of enzymes that catalyze the *cis*--*trans* isomerization of X‐proline peptide bonds, where X refers to any amino acid.[5](#anie201511476-bib-0005){ref-type="ref"} Recently, we determined the structural ensemble of cyclophilin that comprises two states, and showed that the loop position is correlated with two structurally similar but distinct states located within the active site.[6](#anie201511476-bib-0006){ref-type="ref"} Interestingly, in the open loop conformation, the residues in the active site match closely with those in the X‐ray structure in complex with the HIV capsid protein.[7](#anie201511476-bib-0007){ref-type="ref"} The loop has two double glycine hinge‐like regions at either end, G64 and G65, and G74 and G75. Double substitution to Ala of either glycine pair is expected to render the hinges more rigid. To shift the population towards the binding competent form, we previously stabilized the open state of the loop with a double mutation at the N‐terminal hinge region of the ligand binding loop (G64A and G65A). Consequently, ^15^N,^1^H NMR chemical shifts moved closer to those of the bound wild‐type (WT) form, and binding affinity to ligands doubled.[6](#anie201511476-bib-0006){ref-type="ref"} While the G64A and G65A mutant is not sufficiently stable to allow for structural studies, the C‐terminal hinge region G74A and G75A mutant turned out to be highly stable. Herein, we report the allosteric effects of hinge rigidification within a G74A and G75A cyclophilin mutant. The motional amplitude of the loop was modified, thereby creating a preference for a *cis*‐locked ligand in the active site.

The cyclophilin glycine double mutant is pre‐organized for peptide binding. To better understand the mechanism of ligand recognition and the effect of loop dynamics on cyclophilin‐peptide binding, we performed NMR chemical shift mapping analysis by comparing peak positions (^15^N,^1^H chemical shifts) of cyclophilin WT and mutant, both in free form and bound to *cis*‐, *trans*‐ and WT peptide (Supporting Information, Figure S5). For residues experiencing a chemical shift change (CSC) in the presence of the ligand, we observed a similar magnitude of CSC for WT cyclophilin and the glycine double mutant in complex with the WT and *trans*‐peptides. However, addition of *cis*‐peptide to the glycine double mutant led only to a minimal chemical shift changes compared to those observed for the WT and *trans*‐peptides (Figure [1](#anie201511476-fig-0001){ref-type="fig"}; Supporting Information, Figure S1). Since all experiments were done using saturated concentrations of peptide ligands (1:11 protein to peptide ratio), it is implied that the residues responsible for binding in the double glycine mutant were already in or close to the bound conformation prior to peptide binding. Plotting the differences between CSCs upon *cis*‐, *trans*‐ and WT peptide binding for WT protein and mutant, respectively, revealed three hot spot regions involving residues F60, A101 and H126 (Figure [1](#anie201511476-fig-0001){ref-type="fig"} d) (F60 and H126 have been reported to be responsible for ligand binding[8](#anie201511476-bib-0008){ref-type="ref"}).

![The cyclophilin glycine double mutant is pre‐organized for peptide binding. a)--c) Chemical shift changes (CSC) and details of \[^15^N,^1^H\]‐Transverse relaxation optimized spectroscopy (TROSY) spectra are shown for protein bound to: a) *cis*‐peptide; b) *trans*‐peptide; and c) WT peptide (WT). d) The difference in CSC for WT cyclophilin and G74A and G75A bound to the respective ligands (CSC~wild‐type/peptide~−CSC~G74A/G75A/peptide~) is plotted as a function of amino acid residues. Arrows indicate the residues responsible for ligand binding. The *cis*‐peptide shows a clear trend not seen for the WT and *trans*‐ligand. e)--h) Spectral expansions are shown for the active site residues Cys52, Phe60, Ala101 and His126, for free and bound WT and mutant G74A and G75A. The top and bottom panel of each pair represent the WT protein and the G74A and G75A mutant, respectively, in free protein form (red), bound to *cis*‐peptide (cyan), *trans*‐peptide (green), and WT peptide (blue). All of the experiments were done with an 11‐fold excess of the peptide ligand (0.3 m[m]{.smallcaps} protein and 3.4 m[m]{.smallcaps} ligand). Residues in the vicinity of the active site residues are also labeled. Arrows indicate the chemical shift changes induced upon addition of ligand.](ANIE-55-3096-g001){#anie201511476-fig-0001}

Loop residues are less mobile in the glycine double mutant. To verify that the glycine‐to‐alanine double mutation indeed rigidifies the loop, we performed nuclear Overhauser effect spectroscopy (NOESY) measurements on mutant and WT cyclophilin. Figure [2](#anie201511476-fig-0002){ref-type="fig"} shows slices through the ^1^H--^1^H plane for residues G65, D66, T68, and H70 located on the loop, which exhibit a considerable number of cross peaks to the rest of the protein. To further investigate the implications of loop dynamics upon mutation, we measured and compared the transverse relaxation rates *R* ~2~ of the WT and mutant using a Hahn--echo‐type experiment, which is sensitive to exchange contribution on the micro‐ to millisecond time scale.[9](#anie201511476-bib-0009){ref-type="ref"} Figure [2](#anie201511476-fig-0002){ref-type="fig"} shows *R* ~2~ rates plotted as a function of the amino acid sequence. In WT cyclophilin, loop residues as well as residues 135 and 149 undergo detectable exchange, as revealed by increased *R* ~2~ rates (Figure [2](#anie201511476-fig-0002){ref-type="fig"}, Figure [3](#anie201511476-fig-0003){ref-type="fig"}; Supporting Information, Figure S2). Upon introduction of the double alanine at position 74 and 75, the pattern of motion at and around the loop changed dramatically. The *R* ~2~ rates of the loop residues decreased to values typical of the rest of the protein, while a substantial rise in *R* ~2~ was noticed for residues 72, 77, 78, 82, 83, and 86 (Figure [2](#anie201511476-fig-0002){ref-type="fig"} b). Residues 72, 77, and 78 are close to the mutation site; therefore, their *R* ~2~ increases could be directly related to the amino acid change at 74 and 75. Residues 82 and 83 form part of a hub known to induce a conformational switch from a minor to a major conformational state.[4](#anie201511476-bib-0004){ref-type="ref"} This suggests that the double glycine mutation can induce exchange in this region through long‐range effects. The origin of an increased *R* ~2~ rate for residue 86 is not clear, but its peak completely broadens out in the free WT protein, indicating that it undergoes even more exchange in the free protein. We performed relaxation measurements in the presence of different peptide ligands to see how the *R* ~2~ rates change in bound WT and mutant cyclophilin (Figure [2](#anie201511476-fig-0002){ref-type="fig"} a and b). Interestingly, the *R* ~2~ rates for WT and mutant cyclophilin were very similar when bound to the WT peptide and or peptide in *trans*‐conformation, except in the case of residues 135 and 149 (Figure [2](#anie201511476-fig-0002){ref-type="fig"}). However, when bound to the peptide in the *cis*‐conformation a general increase in *R* ~2~ was observed around residues 93--126 for the double glycine mutant (Figure [2](#anie201511476-fig-0002){ref-type="fig"} b).

![Loop residues are less mobile in the glycine double mutant. a) Cross‐sections of \[^1^H,^1^H\]‐NOESY spectra showing cross peaks for G65, D66, T68, and H70 for WT cyclophilin (blue) and G74A and G75A mutant (red). Increased intensities of cross peaks indicate that loop residues make substantial contact with the rest of the protein and that they are less mobile in the mutant than in the WT protein. b), c) Transverse *R* ~2~ NMR relaxation rates plotted as functions of the amino acid residues for the free WT cyclophilin and mutant (blue), and bound to the *trans*‐peptide (red) and *cis*‐peptide (green). In the double glycine mutant, the increased *R* ~2~ rates of loop residues reduce to *R* ~2~ values typical of the rest of the protein (gray rectangle), except around the residues near the mutation site.](ANIE-55-3096-g002){#anie201511476-fig-0002}

![Structural representation of binding and dynamic residues. Indicated on the previously determined cyclophilin two‐state ensemble are the residues that experience: a) Large CSC upon binding to the *cis*‐peptide (red) and *R* ~2~ change upon peptide binding (green); b) Mechanistic representation for loop opening and closing of the WT, G74A and G75A mutant and the complex. The binding loop in the open (blue) and closed state (magenta) are also shown.](ANIE-55-3096-g003){#anie201511476-fig-0003}

The G74A and G75A double mutant has a higher affinity for *cis*‐peptide. If the double glycine mutant possesses a pre‐organized binding site (as suggested by CSC, NOESY, and relaxation data) then the affinity of G74A and G75A/*cis*‐peptide interaction should be higher than that of the WT/*cis*‐peptide interaction. Indeed, the *K* ~d~ for the G74A and G75A/*cis*‐peptide was 50±30 μ[m]{.smallcaps}, while that for the WT cyclophilin was 170±70 μ[m]{.smallcaps} at 4 °C using fluorescence resonance energy transfer (FRET)[10](#anie201511476-bib-0010){ref-type="ref"} based assays (see Figure [4](#anie201511476-fig-0004){ref-type="fig"}). (A similar *K* ~d~ trend was observed with chemical‐shift analysis of individual binding residues at 26 °C; Supporting Information, Figure S4.) *K* ~d~ measurements were further corroborated with WT cyclophilin/WT peptide (164±32 μ[m]{.smallcaps}) and G74A and G75A/WT peptide (107±30 μm) interactions, indicating that the double glycine mutant had an improved affinity for the WT peptide while the affinities for *trans*‐peptide remained virtually unchanged (94±20 μ[m]{.smallcaps} compared to 101±38 μ[m]{.smallcaps}; Supporting Information, Figure S4). The fact that the WT peptide alters *K* ~d~ upon mutation, whereas *trans*‐ does not, implies that the *cis* state causes the change. The enhanced affinity observed for the double glycine mutant is a result of its ability to efficiently accommodate the *cis*‐peptide because of its pre‐organization at the active site, as corroborated by CSC mapping analysis, relaxation measurements and NOESY data.

![Equilibrium binding constants for *cis*‐peptide binding were determined from a plot of the fluorescence change (FRET) versus peptide concentration. The *K* ~d~ of the G74A/G75A mutant is 50±30 μ[m]{.smallcaps}, while that for the WT is 170±90 μ[m]{.smallcaps}. *K* ~d~ was determined by fitting of the data to a standard equation describing the equilibrium binding of two molecules.[10](#anie201511476-bib-0010){ref-type="ref"} Fits from three different wavelengths are shown. Measurements were performed at 4 °C. *K* ~d~ values are the averages of three different wavelengths and propagated errors are reported.](ANIE-55-3096-g004){#anie201511476-fig-0004}

In summary, we set out to investigate how enzyme‐substrate selectivity can be fine‐tuned by dynamics. We chose the enzyme cyclophilin for two reasons; it contains a dynamic loop (residues 65--72) that samples two conformational sub‐states and it binds both a *cis*‐ and *trans*‐oriented peptide. Binding is coupled to loop motions. With that in mind, we introduced a double glycine‐to‐alanine mutation at the C‐terminal hinge region of the loop (Figure [3](#anie201511476-fig-0003){ref-type="fig"} b). This mutation increased binding competence to *cis*‐peptide relative to the WT cyclophilin. Using NOESY analysis and relaxation measurements, we demonstrated that the mutation does indeed narrow the space sampled by the loop. Subsequently, we investigated the molecular basis of the tuning effect on the active site by NMR CSC mapping analysis. CSC analysis showed that the active site, including residues F60, A101, H126 and C52, are slightly rearranged in the mutant compared to the WT with substantial reduction in exchange contributions to the transverse relaxation *R* ~2~ rates for the loop residues. We conclude that CSCs are caused by both structural and dynamical re‐organization and that *cis*‐ligand binding in the mutant experiences less rearrangement compared to WT cyclophilin. Additionally, increased *R* ~2~ rates were observed for S21, K125, G135 and N149, which correlated with the ability of the mutant to bind preferentially to the *cis*‐peptide. Together, these findings indicate that by altering the dynamics of the loop movement distal to an enzyme active site, enzyme function may be influenced substantially. Double glycine substitution has a preference for the *cis*‐ligand. Our previously reported double mutation at the N‐terminal hinge of the same loop doubled the affinity of both the *trans*‐ and WT ligands.[6](#anie201511476-bib-0006){ref-type="ref"} On the other hand, the mutation investigated here maintained affinity to the *trans*‐peptide, and increased affinity to the WT ligand. This observation can be explained by increased affinity for *cis*‐peptide binding, and unaltered *trans*‐peptide binding. In another example of *cis*‐*trans* isomerase, human pin1 binding to a *cis*‐ and or *trans*‐locked peptide resulted in an altered dynamic behavior of the protein.[11](#anie201511476-bib-0011){ref-type="ref"} Interestingly, the *trans*‐locked peptide produced a weaker response, which we also observed for the *R* ~2~ rates of the cyclophilin mutant, but not for the WT. It has been pointed out that the time‐scales of loop motion and confomational plasticity may play an important role in activity, selectivity and the rate of enzyme catalysis.[4](#anie201511476-bib-0004){ref-type="ref"}, [12](#anie201511476-bib-0012){ref-type="ref"} Mutation of histidine 70 in cyclophilin to alanine within the loop caused a minimal change in dynamics as probed by CPMG NMR measurements, and therefore did not alter affinity.[4](#anie201511476-bib-0004){ref-type="ref"} More recently, it has been shown that altered loop dynamics of two escape‐mutants of HIV‐capsid protein are also relevant to interaction with cyclophilin.[13](#anie201511476-bib-0013){ref-type="ref"} Direct evidence of the influence of dynamics in single domain protein binding and selectivity has been found in a few other cases, both experimetally[12b](#anie201511476-bib-0012b){ref-type="ref"} and computationally.[14](#anie201511476-bib-0014){ref-type="ref"} However, the concept of conformational selection and its effect on protein function is becoming increasingly popular.[3d](#anie201511476-bib-0003d){ref-type="ref"}--[3g](#anie201511476-bib-0003g){ref-type="ref"} Our system opens up possibilities to introduce specific time scales of loop motion by further mutations. Linking these time scales to catalytic activities would help to elucidate the role of time‐scale dependent dynamic allostery.
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